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Abstract. Recirculating systems create unique environments for fish culture which may provide 
favorable conditions for disease occurrence or the reproduction of opportunistic microorganisms. 
Stressful conditions in recirculating systems, such as poor water quality or high stocking densities in 
the culture tanks, may contribute to disease outbreaks. Non-infectious problems, including high levels 
of ammonia, nitrites, carbon dioxide, suspended solids, or ozone residual levels have also caused 
mortalities in recirculating systems. The diseases encountered in rainbow trout (0. mykiss) cultured in 
recirculating systems include: those caused by bacteria (bacterial gill disease, furunculosis, bacterial 
kidney disease, fin rot), parasites (Gymdactylus, Chilodonrlla, Trichodina, Epistylis, Trichophrya, 
Ichrhyoprhirius, Ichryobodo, proliferative kidney disease, amoebic gill infestation, Coleps), fungi 
(Sapmlegnia), and viruses (infectious pancreatic necrosis, viral hemorrhagic septicemia, and infec- 
tious hematopoietic necrosis). Treatments with chemotherapeutants in the water or feed in a 
recirculating system present special considerations; the main one is whether the biofilter will be 
treated and how the chemicals could affect its function. Management practices designed to prevent 
the occurrence of diseases or the degradation of water quality are critical to a successful recirculating 
facility. The introduction of known pathogens with infected fish should be prevented either by hatching 
eggs at the facility from disease-free broodstock, or by purchasing fingerlings from disease-free certi- 
fied broodstock and by creating aquarantine period. Each recirculating facility should design a protocol 
for prevention of and control of fish diseases with the aid of a fish health professional, based on the 
generally accepted principles of fish health management. 
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INTRODUCTiON 
Recirculating systems are being used more often to produce fish as access to seemingly 
unlimited water resources becomes a thing of the past and as discharge regulations are enacted. 
Because recirculating systems have higher capital and operating costs than traditional produc- 
tion technologies, to be economically viable, these systems use continuous production strategies 
and fish loadings well above those used in typical flow-through systems. To supl&t the high 
loading densities, these systems must be able to effectively add oxygen to supersaturated levels 
and to remove solids, ammonia, nitrite, and carbon dioxide. The water in recirculating systems is 
an ideal environment for the growth of bacteria and other micro-organisms, which adversely 
affect fish health. Suboptimal water quality can directly impact fish health and disease (l-5). 
Environmental problems may cause mortalities directly or act as stressors that may precipitate 
disease outbreaks. Contrasts in both system management and production technologies may 
produce different fish health problems or result in a disease being a major problem in one system 
and only a minor one in another. 
Many species are cultured in recirculating systems. Reviews of disease problems in 
recirculating systems in European eels (Anguilla anguilla) in Japan (6) and Denmark (7) in 
tilapias (Oreochromis mossambicus, 0. areus, a golden hybrid of 0. mossambicus x 0. urolepis 
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hornorum, a Taiwanese red strain of 0. mossambicus, and Tilapia zillii) in Arizona (9), and in 
European eels (Anguilla anguilla), European catfish (Silurus glanis), Clarias sp., and common 
carp (Cyprinus carpio) in Germany (10) have been published. This review will attempt to describe 
problems arising from disease and poor water quality in rainbow trout cultured in recirculating 
systems. 
RECIRCULATING SYSTEMS 
Systems that clean and reuse water (i.e., recirculating systems) are one option for producing 
rainbow trout in regions with strict environmental regulations, where water is scarce, or where 
niche markets provide a better price for local or fresh fish. 
Water quality criteria required to maintain an environment that supports healthy and fast 
growing fish are the basis for designing and managing aquaculture systems, particularly 
recirculating systems. The parameters of primary concern in recirculating systems are suspended 
solids, dissolved oxygen (0,), unionized ammonia (NH,), nitrite (NO;), carbon dioxide (CO,), 
ozone residual (O,), and total gas pressure (Table 1). The water treatment units should be designed 
and managed so water quality does not degrade to the point where it stresses the fish, reduces 
growth rate, or causes mortality. 
Treatment systems used to prepare water for reuse require processes to control dissolved 
gases, pH, pathogens, and fish metabolites such as solids (dissolved and particulate) and dis- 
solved nitrogen compounds (ammonia and nitrite). Recirculating systems will often use clari- 
fiers to remove solids, biofilters to remove dissolved wastes, strippers/aerators to bring gas 
concentrations to equilibrium, and oxygenation units to add supersaturated levels of oxygen 
(Fig. 1, Table 2). Processes to provide advanced oxidation (ozonation) and pH control may also 
be necessary. Reviews of the technologies used in recirculating systems have been provided by 
others (11-14). Reviews of technologies to control diseases in recirculating systems also exist 
(15-17). 
Many of the rainbow trout diseases described in this paper were observed in the recirculating 
system at the Freshwater Institute. Heinen et al. (18) provided a detailed description of this 
system, which includes cross-flow culture tanks, microscreen particulate filters, a fluidized-sand 
biofilter, a carbon dioxide stripping tower, low head oxygenation columns, and a computerized 
monitoring/control system. This is a commercial-scale research system that has been producing 
about 7-10,CKKl kg of rainbow trout annually in continuous culture with mixed cohorts since 
1990. 
INFECTIOUS DISEASES-BACI’ERIAL 
Bacterial diseases that have been reported to cause recurring problems in recirculating systems 
are listed in Table 3. 
Bacterial gill disease 
Bacterial gill disease (BGD) is one of the most common diseases of cultured salmonids (19). 
Mortalities can be high if fish are not treated early in an epizootic. The causative bacterium is 
Flavobacterium branchiophilum (20), and the disease has been experimentally transmitted with 
this bacterium (21). Although stressors are not required for disease outbreaks, they probably 
contribute to the number and severity of BGD outbreaks. Fish appear lethargic and may stop 
eating, they swim near the surface, and have distended opercles. Gills appear inflamed or with 
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Table I. The unit processes typically used in recirculating aquaculture systems, their action on water quality, and 
the resulting effect on fish health [modified from (3)J 
Component: 
Purpose 
Significant conditions within the 
unit and their action on water quality 
Importance to fish health 
Culture tank: 
To contain fish during 
grow-out, allow fish to 
feed, and flush feces 
??
. 
Clarification: 
To remove settleable and ??
suspended solids via settling, 
sieving, flotation, or filtration. 
Biofiltration: 
To provide surface area ??
where micro-organisms can 
establish; when the reused 
flow passes across these ??
surfaces, the microbes 
remove a portion of the ??
dissolved wastes. 
. 
. 
. 
Stripping/aeration: 
To contact water with air at ??
near atmospheric pressures. 
. 
. 
Fish respiration reduces levels of ??
dissolved oxygen and increases levels 
of ammonia and carbon dioxide, 
which reduces pH. 
Acid-base equilibrium (i.e., pH) 
controls the fraction of unionized 
ammonia and carbon dioxide . 
present. 
Feed introduces solids into the system. 
Excretion produces particulate and ??
dissolved solids. . 
High fish densities. 
Fish may or may not carry pathogens. 
Tank cleaning and fish handling or 
grading may occur that involve physical 
interaction with the fish. 
Most conventional clarifiers do not _ ??
remove colloidal solids (~20 pm). 
High fish densities and the 
deterioration in water quality 
(low dissolved oxygen 
and elevated carbon dioxide, 
ammonia, nitrite, and solids 
levels) may stress fish. 
Physical interactions with the 
fish may produce fish stress 
or physical damage. 
Horizontal pathogen transmission. 
Elevated levels of ammonia and 
solids may induce gill pathology. 
Fish pathogens may be associated 
with solids. 
. Some clarifiers store organic solids, 
which can produce anoxic or anaerobic 
conditions, exert an oxygen demand, 
support microbes, and leach nutrients. 
Microorganism metabolism lowers ??
oxygen levels and produces carbon 
dioxide, which reduces pH. 
Oxygen must be present for bacteria 
to oxidize ammonia and nitrite. 
Increased levels in nitrite leaving the ??
biofilter can occur if the biofilter 
is overloaded. 
Biofilters may take 3-6 weeks to 
develop the population of bacteria to 
convert ammonia to nitrite and an 
additional 2-4 weeks to develop 
the population of bacteria required to 
convert the nitrite to nitrate. 
Microbial growth produces solids within 
the biofilter. 
Biofilm and biosolids produced in the 
biofilter may slough and be carried out 
with the recirculating flow, which 
contributes to the microbial counts 
and the colloidal concentration in the 
water. 
Shifts concentrations of dissolved ??
carbon dioxide, nitrogen, and oxygen 
towards equilibrium (i.e., adds oxygen, 
removes carbon dioxide and gas 
supersaturations). 
Dissolved ozone can be stripped. 
Strips link ammonia at the 
recommended pH levels (pH < 9.0). 
Biofilms may support certain fish 
pathogens, which may be passed 
to fish in the culture tank with 
sloughed biofilm canied in the 
reused flow. 
Certain anaerobic by-products 
(e.g., sulfides) are toxic to fish. 
Elevated carbon dioxide reduces 
the capacity of blood to transpott 
oxygen and may induce 
nephrocakinosis. 
(continued) 
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Table 1. (Continued) 
Componenf: Significant conditions within the 
Purpose unit and their action on water quality 
Importance to fish health 
Oxygenation: 
To contact water with purified ??
oxygen at pressures 
generally 2 atmospheric. ??
. 
Ozonation: 
To oxidize constituents ??
in the water. 
. 
Generally used to create . 
super-saturations of oxygen. 
High total gas pmssures can be produced ??
in units that do not vent off-gases. 
Little carbon dioxide is removed due 
to insufficient gas exchange with 
respect to the volume of water treated. 
Oxidation can reduce levels of nitrite, ??
organic matter, microbes, water color, 
odor, or off-flavor compounds. 
Oxidation can cause dissolved organic ??
matter to precipitate and suspended 
organic matter to microflocculate, ??
which enhances their removal. 
Recirculating systems contain levels of 
organic matter and nitrite that teact 
with ozone and make sustaining an 
ozone residual difficult. 
Ozone and certain of its by-products 
are toxic. 
Accumulation of ozone and its oxidizing 
by-products is dynamic and ozone 
concentrations can increase suddenly 
and unexpectedly. 
Gas supcrsaturations can produce 
gas bubble disease. 
Increased oxygen levels can 
support much higher fish loadings 
in the culture tank, which adds 
stress. 
Improved water quality reduces 
fish stress, which makes fish more 
resistance to disease. 
Disinfection reduces risk from 
infectious diseases. 
Ozone is toxic at low levels. 
Aerator/ OxY~~;~on 
stripper 
Make-Up 
Flow 
Culture Tank Clarifier 
Fig. I. Principal components in a generic recirculating system: culture tank, clarifier, biofilter, aeration&ripping unit, 
and oxygenation unit. 
whitened tips, and excess mucus may be present (22). At the Freshwater Institute recirculating 
system, which has a continuous production schedule, BGD has been a recurring problem. Each 
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Table 2. Suggested water quality criteria for optimum fish health in freshwater 
Water quality 
parameter 
Piper et al. (25) on trout 
and salmonids 
Laird and Needham (92) 
on Atlantic salmon 
Losordo (12) on 
general guidelines for 
recirculating systems 
Max. concentration 
carbon dioxide 
un-ionized ammonia 
nitrite 
nitrate 
total suspended and 
settleable solids 
ozone 
Optimum range 
PH 
dissolved oxygen 
10 mg/L 
0.0125 mg/L as N 
0.03 mg/L as N 
3.0 mg/L as N 
80 mg5 
0.005 mg/L 
6.5-8.0 
5.0 mg/L to satur. 
10 mg/L 20 mg/L 
0.0125 mg/L as N 0.02-0.5 mg/L as N 
0.02 mg/L as N 0.2-5.0 mg/L as N 
lOOOmg/LasN 
80 mg/L 
0.005 mg/L 
5.5-8.5 6.h9.0 
Am& >6.0 
Table 3. Infectious diseases that have been encountered in rainbow trout culture in recirculating systems 
Diseases Reference 
Bacterial 
Bacterial gill disease 
Furunculosis 
Bacterial kidney disease 
Fin rot 
Parasites 
Gyrodactylus 
Chilodonella 
Trichodina, Epistylis, and Ttichophrya 
lchthyopthirius 
lchtyobodo 
Proliferative kidney disease 
Amoebic gill infestation 
Coleps 
Fungus 
Saprolegnia 
Viral 
Infectious pancreatic necrosis 
Viral hemorrhagic septicemia 
Infectious hematopoietic necrosis 
Bullock et al. (23); a; b; c; Schlotfeldt (8) 
Ciptiano et al. (27); Munm and F’ijan (3) 
d; Munro and Fijan (3) 
Anderson (29); b; c 
g; a; e; c 
a 
g; c 
a; e; Anderson (29); c; d 
thilmoncxyk (32); Schlotfeldt (34) 
Bullock et al. (23) 
Wooster and Bowser (37) 
f 
Munro and Fijan (3) 
Munro and Fijan (3) 
C 
‘J. Hinshaw, North Carolina State University, pets. comm. 
bR. Goede, Utah Dept. of Wildlife Resources, pets. comm. 
c K. Peters, Dworshak National Fish Hatchety. pets. comm. 
dL. Matchant, Lahotan National Fish Hatchery, pets. comm. 
* P. Bowser, Cornell University, pets. comm. 
‘D. Rainnie, University of Prince Edward Island, pets. comm. 
g A. Noble, unpublished data. 
time new fingerlings (17-44 g) were added to the system a BGD outbreak occurred within 6-8 
days. Fingerlings were treated with Chloramine-T and mortality subsided until new fingerlings 
were stocked. E branchiophilum was not detected during quarantine, although some hyperplasia 
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of the gills was present. Histologically, gills showed focal hyperplasia, areas of lamellar fusion 
and telangiectases. One of the factors which may have contributed to the outbreaks was the 
design of the cross-flow culture tanks which allowed for a continuous presence of suspended 
solids from the biofilter, feces, and uneaten food (23). 
Only rainbow trout newly added to the reuse system became infected while fish residing in 
the system which had recovered from BGD, did not experience additional outbreaks. This sug- 
gests that some form of acquired immunity developed in fish which had survived a BGD outbreak 
and that they may have acted as carriers, transmitting the bacterium to the newly stocked fish. 
BGD must be diagnosed and treated promptly in a recirculating system in order to control the 
disease before massive mortalities occur. Mortalities can be controlled with Chloramine-T at 
9-12 ppm for 1 hr or with benzalkonium chloride at 2 ppm repeated three times every other day 
for three treatments. 
Other recirculating systems have had outbreaks of BGD, but only on a sporadic basis (J. 
Hinshaw, North Carolina State University, pers. comm.). Circular tanks were used in these 
systems rather than cross-flow tanks which reduces the suspended solids in the tanks. Also, the 
use of batch culture, where all fish are harvested from a tank before new fish are introduced, may 
have prevented carry-over of BGD in these systems. 
At the Glenwood State Fish Hatchery, Utah, rainbow trout were raised from 10-26 cm in a 
recirculating system with rectangular circulation rearing ponds (24). Bacterial gill disease was a 
problem. The Chloramine-T and methylene blue (1 ppm) treatments used did not seem to affect 
biofilter function. Benzalkonium chloride (2 ppm) treatments had a negative impact on the 
biofilter. In this system, there were problems with biofilter function related to the cold water 
temperature which reduced Nitrobucrer reproduction; consequently, high nitrites were common. 
The rainbow trout in this system never seemed to flourish. Gill pathologies not associated with 
bacteria were also common (R. W. Goede, Utah Division of Wildlife Resources, pers. comm.). 
Dworshak National Fish Hatchery (NFH), Idaho, has two recirculating systems for culture of 
B-run (a sub-species unique to the Clearwater river) summer steelhead trout (0. mykiss) from 
fingerling to smolt. The hatchery is supplied with surface water from the North fork of the 
Clearwater River, which contains several species of fish. The systems are comprised of 
rectangular circulation rearing ponds with submerged upwelling biological filter beds. The 
biofilter bed in one system uses polyethylene bead media (3/S in long x l/4 in diameter), while 
the other has Kochm biorings (3.5 in diameter). Reuse water from both systems is combined 
with 10% fresh water and is passed through an aeration tower before returning to the ponds. The 
recirculating systems are operated during winter months (late November through early-April) 
when river water temperatures are usually c 4°C. The recirculating systems were designed so 
that water could be heated to 12-13°C allowing for higher growth rates than could be achieved 
with ambient river water. BGD has not been a major problem, but outbreaks have occurred when 
the recirculating systems were overloaded (DI > 0.5 Piper et al., [25]) at the end of the grow-out 
period, resulting in high levels of ammonia. Gill pathologies not associated with bacteria were 
more common, and appeared when water quality characteristics exceeded the “no effects limits” 
for short periods or when there was chronic exposure to moderate levels of ammonia (K. Peters, 
Dworshak NPH, pers. comm.). 
Schlotfeldt (8) reported different degrees of gill pathology in rainbow trout cultured in 
recirculating systems in Northern Germany. The gill damage ranged from primary gill swelling 
(often due to chemical irritation with subsequent secondary bacterial infections), to different 
degrees of hyperplasia and finally to gill necrosis. The majority of gill necrosis cases were 
dependent on environmental factors, including high loads of organic ammonia and other 
catabolites which lead to ammonia autointoxication mechanisms. The lesions were reversible in 
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most of the cases in which environmental conditions could be significantly improved, if they had 
not reached a critical degree of damage. 
Furunculosis 
Furunculosis is a bacterial infection of salmonids and other fishes caused by Aeromonas 
salmonicidu. The disease is characterized by a generalized bacteremia with focal lesions in the 
muscles (26). Peracute infections occur in fingerlings, which turn dark and die with no other 
clinical signs except for slight exophthalmos (26). In acute infections, fish darken, stop feeding, 
and hemorrhage at the base of the fins. Internal hemorrhages occur and there are pathological 
changes in internal organs. Chronic cases usually occur in older fish with the presence of furuncles 
under the skin. Internally, they may have pus-filled lesions in the kidney, the lower intestine is 
often inflamed and there is a bloody discharge from the vent (22). 
An outbreak of furunculosis at the Freshwater Institute in March, 1994 caused mortalities of 
several fish per day and was probably stress related. The ozone being added to the system had 
been abruptly turned off and resulting nitrite levels were high (0.46 mg/t.) for several days prior 
to the outbreak. A few fish started dying each day with clinical symptoms of furunculosis, 
including furuncles and swollen kidneys. Diagnosis was confirmed by isolation ofA. sulmonicida 
from the kidneys. Two 5 day sulfadimethoxine/otmetoprim (Rometm) treatments at 50 mg/kg 
fish/day (22) were necessary to control mortalities. 
Subsequent samplings from the system have demonstrated the presence of the bacteria in the 
mucus but not in the kidneys of asymptomatic fish. The bacterium was not isolated from the 
biofilter or tank water after the outbreak ended (27), possibly because the bacterium did not 
become established in the biofilter or recirculating water of the culture system or it did not 
survive for extended periods of time in the system. The presence of Rometm in the system may 
have reduced the numbers of A. salmonicidu. Failure to detect the organism could also be partially 
due to either the bacterium being overwhelmed by other hererotrophic bacteria or inadequacy of 
the detection procedures (27). A. salmonicidu has been isolated from the kidneys of sick fish 
which are seen occasionally in the system to the present day. Because of the continuous produc- 
tion method utilized, bacteria have become established in carrier fish. Another outbreak of 
funmculosis which required treatment occurred in May, 1996, with a few fish showing clinical 
signs each day. Our experience indicates that once this bacterium becomes established in the 
fish, clinical cases can recur at any time, usually related to a stressful event. 
Fingerlings were quarantined upon arrival at the Freshwater Institute and checked for parasites 
and bacteria. A. salmonicida was never isolated from the kidneys of fingerlings in quarantine 
during five years of sampling. It appears that carrier fish were not detected by this method, 
allowing the organism to enter the system with the fish. No clinical disease was observed until 
the fish were severely stressed. Observations of other investigators have indicated that normal 
bacteriological examination of kidney samples is often inadequate to ensure reliable detection of 
A. salmonicidu among asymptomatic carrier fish (27). This situation highlights the importance 
of prevention and the need to improve detection methods for asymptomatic carriers. 
Munro and Fijan (3) reported that furunculosis in rainbow trout in European recirculating 
systems was a recurring problem that was often serious. Information on mortalities and treat- 
ments for these epizootics was not reported. 
Bacterial kidney disease 
Bacterial kidney disease (BKD), caused by Renibacterium salmoninarum, is a chronic, 
progressive disease with potentially high rates of mortalities that is difficult to control and almost 
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impossible to cure. The pathogen can be transmitted horizontally from fish to fish and vertically 
from broodstock to their progeny. Infected fish develop localized lesions (cysts filled with 
bacteria, pus and debris) in the kidney, liver, spleen, and heart. Once the disease reaches this 
state, treatments have little effect (3). Prevention of vertical transmission is an important tool in 
reducing the incidence and severity of BKD. 
The Lahotan NFH raises Lahotan cutthroat trout (0. clarki) in a recirculating system with 
60-70s water reuse. The fish grow in the system from 10 to 1%20cm. During routine fish 
health monitoring, a very low level of BKD has been detected by the ELISA method, but no 
clinical disease has been observed. The broodstock are known to be carriers of BKD (L. Marchant, 
Lahotan NFH, pers. comm.). 
Munro and Fijan (3) described BKD as a disease whose presence was continuous, and it was 
an intermittent problem in European recirculating systems producing rainbow trout. 
Fin rot 
Fin rot is associated with poor sanitary culture conditions. Overcrowding and holding in 
raceways may lead to fin fraying with secondary bacterial infection. Bacteria such as A. 
salmonicidu and A. hydrophila, as well as flexibacteria, have been found in lesions of fin rot 
(28). In typical fin rot, fins become opaque at the margins, progressing towards the base. Epithelial 
hyperplasia follows, and in advanced cases the fins are frayed. Anderson (29) reported fin rot in 
rainbow trout cultured in a recirculating system using a trickling filter. The system was treated 
with formalin at 1:4000 for 1 hr, which caused a temporary increase in the flushing of solids 
from the filter, but did not affect biofilter function. 
Rainbow trout cultured at Glenwood State Hatchery, Utah, had fin rot infections with faculta- 
tive aeromonads, such as A. hydrophila, which were probably caused by the stress of high nitrites 
present and the unhealthy condition of the fish reared in this system (R.W. Goede, Utah Division 
of Wildlife Resources, pers. comm.). Fin nipping due to aggressive behavior of steelhead trout at 
Dworshak NFH caused lesions in the dorsal fins where opportunistic microorganisms such as 
Aeromonus sp. and Pseudomonas sp. have been isolated (K. Peters, Dworshak NFH, pers. 
comm.). 
INFECTIOUS DISEASES-PARASITES AND FUNGI 
Several parasites have caused problems at the Freshwater Institute, and other facilities as 
well, and a fungal infection was reported in Canada (Table 3). It has been generally assumed that 
the parasites entered the systems with infected fish. 
Gyrodactylus 
Gyroductylus appears to be one of the most common parasitic problems in rainbow trout in 
recirculating systems, causing mortalities if a heavy infestation occurs (A. Noble, unpublished 
data; J. Hinshaw, North Carolina State University, pers. comm.; P.R. Bowser, Cornell University, 
pers. comm.) (Table 3). Gyrodactylus infests the skin and fins, multiplying when water quality 
conditions are less than optimal. Heavily infested fish may appear listless, have frayed fins, and 
have flashing behavior. The problem is easily controlled with a formalin treatment at 167 mg/L 
for 1 hr (22). Infestations with Gyro&.&us were present on several lots of fish at the Freshwater 
Institute during the quarantine period. Fish were treated before entering the recirculating system. 
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Gyroducryfus became a problem in the recirculating system on one occasion, and was success- 
fully controlled with formalin. 
At Dworshak NFH Gyroductylus, has been isolated from steelhead trout during the 
recirculating phase, but has not been a major problem and treatment has not usually been neces- 
sary. When treatment was required, 150-200 ppm formalin for 4540 min has been effective (K. 
Peters, Dworshak NFH, pers. comm.). 
Chilodonella 
Chilodonellu is a small, oval, colorless ciliated protozoan that infests the skin, fins, and gills 
of salmonids and warm water species (22). A mixed infection of Chiloubnefla and Ichryobodo 
was reported in a recirculating system (J. Hinshaw, North Carolina State University, pers. comm.). 
Three 24 hr treatments with 25 ppm formalin at two day intervals, eliminated Ichryobodo but not 
Chilodoneflu. A subsequent treatment with 200 ppm formalin for 1 hr was successful in control- 
ling Chilodonella. 
Trichodina, Epistylis, Trichophyra 
Trichodina is a ciliated protozoan that can infest the gills, skin, and fins (22). This parasite 
was found at the Freshwater Institute system in conjunction with Gyr0dacrylu.s or alone. 
Treatment with 167 mg/L formalin for 1 hr has been successful in controlling the parasite. 
Infestations occurred when water quality deteriorated. Trichodina have been counted in numbers 
as high as 1XMMiter in the system water at the Freshwater Institute without causing disease (T. 
Sawyer, pets. comm.). 
Epistyfis, Trichophyru, and Trichodinu have been observed from steelhead trout at Dworshak 
NFH and treated when necessary with formalin. 
Ichthyopthirius 
Zchrhyoprhirius mulrifiliis (Ich) is a large ciliated protozoan that infests the skin, fins, and gills. 
Infested fish have small gray-white pustules on the skin and fins (30), and will exhibit abnormal 
behavior, such as scraping their body against the bottom or sides of the tanks (31). Treatment of 
this parasite is difficult if the life cycle of the parasite becomes established in the recirculating 
system. Only the stages of the parasite that are free in the water can be successfully treated. The 
theronts, before they enter fish and the adult parasite Ieaving the fish are killed by formalin 
treatments, while the encysted stages cannot be killed. Repeated treatments with formalin at 
167 mg/t_ for 1 hr are usually necessary (22). 
Ich has been a problem at some recirculating facilities (J. Hinshaw, North Carolina State 
University, pers. comm.; P.R. Bowser, Cornell University, pers. comm.). In one system, a formalin 
treatment with 25 ppm for 24 hr, and two treatments with 35 ppm were not effective (J. Hinshaw, 
North Carolina State University, pers. comm.). Four additional 1 hr treatments with 167 ppm 
formalin every three days did not control the infestation. Subsequently, copper sulfate at a 
concentration of 0.15 ppm for 24 hr was used. Water alkalinity was 20 mg/L (as calcium carbon- 
ate). This treatment was repeated every third day, three times, and did control the parasite. In 
another system, Ich was controlled by an initial 24 hour treatment with 0.75 ppm copper sulfate, 
followed by a continuous treatment with 0.5 ppm for 30 days (J. Hinshaw, North Carolina State 
University, pet-s. comm.). Water alkalinity was increased to 75-120 ppm with sodium 
bicarbonate. Ich was not observed after 20 days, but treatment was continued for an additional 
10 days. The fish were fed during treatment, and no detrimental effect to biofilter function was 
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detected. At another facility, several days of chlorine disinfection of the system were necessary 
to prevent reinfection of newly introduced rainbow trout (J. Hinshaw, North Carolina State 
University, pers. comm.). 
A mixed infestation of Ich and Trichodina in a reuse system with rainbow trout was treated 
with formalin but the treatments were ineffective (29). The fish were removed, the system was 
flushed, and restocked with fish from the same lot. The parasites multiplied rapidly again, and 
treatment was ineffective. The fish were removed again, and the system flushed without chemical 
treatment. The system was restocked with disease-free fish and the parasites did not reappear. 
The water temperature of 15.6”C in the reuse system probably caused rapid multiplication of the 
parasites and high fish mortality (29). 
The main infectious disease encountered at Dworshak NFH during the recirculating phase of 
rearing has been Ich. The parasite has been controlled by administering prolonged low-level 
formalin treatments (generally 35 ppm for 24 hr) to the entire system. This treatment regimen 
affected biofilter deamination-nitrification efficiency, requiring 2-7 days for recovery. Ich is a 
constant presence in the system due to the surface water supply, but tends to cause problems 
when fish are either stressed or predisposed by other infectious or noninfectious disease agents 
(K. Peters, Dworshak NFH, pers. comm.). 
At the Lahotan NFH, Ich has been a problem about every other year in Lahotan cutthroat 
trout. Formaldehyde treatments at 153 ppm for 40 min, repeated three times, controlled the 
parasite. This treatment did not have a negative effect on the biofilter (L. Marchant, Lahotan 
NFH, pers. comm.). After each production cycle, the whole system is disinfected with 200 ppm 
chlorine. This facility has a low incidence of diseases due to the low stocking densities, the use 
of well water, the high percentage of fresh water exchanged, and the complete disinfection 
between production cycles. 
Ichtyobodo 
Ichtyobodo is a small protozoan which infests the skin and gills (22). Infested fish may stop 
feeding and be listless or flashing may occur if skin is affected. A bluish film may develop over 
the body in heavily infested fish. This parasite was reported in one facility (J. Hinshaw, North 
Carolina State University, pers. comm.) where control became a problem. Treatment with 
formalin or salt did not control the infestation, even though the whole system, including the 
biofilter, was treated. A treatment regimen consisting of two treatments with 0.25 ppm copper 
sulfate for 24 hr at three day intervals and a third one at 0.50 ppm, plus a 30 day continuous 
treatment with 0.30-0.38 ppm controlled the infestation and did not adversely affect the biotilter. 
Water alkalinity was 45-55 ppm. 
Proliferative kidney disease 
Proliferative kidney disease (PKD) is an interstitial hyperplasic nephritis caused by an unclas- 
sified myxosporean parasite in salmonids (32). PKD has been a major problem among farm- 
raised rainbow trout in Europe, but it has also been reported in the western United States and 
Canada (33). The most commonly infected species is the rainbow trout. Most epizootics of PKD 
occur at temperatures 2 15°C. External clinical signs include darkening body color, distended 
abdomen due to ascites, pale gills, pronounced lateral body swelling, and bilateral exopthalmia. 
Internal clinical signs include enlargement of the kidney and spleen. The kidney may be grayish 
throughout or mottled and markedly swollen; in severe cases, the capsule may have a folded or 
corrugated appearance. Ascites may be present and is usually clear. 
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PKD was reported (32) in rainbow trout cultured in an indoor recirculating unit of the Fish 
Experimental Facilities of the Research Centre of Jouy-en-Josas, France. The outbreak resulted 
in a 30% mortality of 17-month old rainbow trout. The average water temperature had increased 
from 14 to 18.X during the two months prior to the mortalities. The fish had been hatched and 
raised at the facility. The unit also held in separate tanks other adult trout species, common carp, 
and goldfish (C’arussius aurutus). Evidence of myxosporean parasite shedding was found in the 
goldfish, which may have been the source of infection. Experiments suggested that indirect 
transmission of PKD via sediments was possible. 
Schlotfeldt (34) reported an outbreak of PKD in a recirculating unit in Germany. He sug- 
gested that introduction of infected rainbow trout was responsible for contamination of the 
system. The water temperature was maintained between 15-l 8”C, which resembles the summer 
water temperatures present when natural outbreaks occur. These studies suggest that an increase 
in water temperature may precipitate an outbreak of PKD, if infected fish have been introduced 
into the system or if fish are in contact with contaminated sediments. 
Amoebic gill infestation 
An unidentified amoeba infested the gills of rainbow trout held in a recirculating system at the 
Freshwater Institute (23). BGD occurred in five consecutive lots 6-8 days after stocking; fish 
were treated with Chloramine-T several times, after which the amoeba infested the gills. Fish 
infested with amoebae swam near the surface with flared opercula. Macroscopically, gills had 
white inflamed tips. Histological sections showed large numbers of amoebae (10 pm diameter) 
on the surface of the gills associated with severe hyperplasia (23). If left untreated, the amoeba 
caused chronic mortalities for periods up to 2 months. The mortalities may have been caused by 
asphyxiation due to large numbers of amoebae on gill surfaces. Mortalities were controlled by 
treating with 167 ppm formalin every other day, for three treatments (35). 
The amoeba was probably introduced with the fish, as it was observed in one lot during 
quarantine. The amoeba may be an opportunistic microorganism that thrives in conditions present 
in the recirculating system. Because the amoeba was a secondary infestation, BGD may have 
provided favorable conditions for amoebic infestation. Amoeba may use bacteria, detritus, or 
mucus as a food source (35). Because consecutive lots of fish were kept in the same tank, the 
amoeba may have become established in the population and/or in the biofilter (23). 
In European catfish, raised in a heated partial recirculating system, cells resembling amoeba 
trophozoites were associated with severe proliferative gill disease and systemic granulamatous 
tissue reactions. Mortalities reached 30% from this normally free-living amoeba, which 
multiplied when water quality was suboptimal and there was a heavy bacterial load (36). 
Coleps 
Cofeps sp., a freshwater ciliated protozoan not normally considered pathogenic, was associ- 
ated with 5-10 mortalities per day of 15 to 18 cm rainbow trout maintained in a densely stocked 
water recirculating system in central New York State (37). The protozoan was found in wet 
mounts of skin scrapings and gill tissue. Moribund fish showed excess mucous production. 
Histologically, severe multifocal interlamellar tissue proliferation was observed on the gills, and 
multifocal areas in the skin had eroded or missing epidermis. High numbers of mucous cells 
were observed in the skin and gills (37). 
Wooster and Bowser (37) reported that microscopic examination of water samples showed a 
bloom of Cofeps sp. with a density estimated to be 7,OOO/ml. When the infestation appeared, 
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nitrite level was high and salt was routinely added to maintain a chloride ion concentration of 
190 mg/L. Treatment with formalin at a concentration of 20 mg/L for 5 days and at 25 mg/L for 
an additional 5 days proved ineffective. Treatment with an additional 0.15% sodium chloride did 
not reduce Cofeps sp. counts in the water after 48 hr. Total mortality reached 35%. Potassium 
permanganate at 25 mgA_ destroyed Coleps sp. in laboratory bioassays, but it could not be used, 
as that concentration would be toxic to the biolilter. Mortalities may have been due to excessive 
skin irritation caused by overwhelming numbers of protozoans. Conditions within the 
recirculating system probably provided an ideal environment for Cofeps sp. to multiply and thus 
become a problem (37). 
Saprolegnia 
An external fungal infection caused by Saprolegnia sp. is often considered a secondary infesta- 
tion following injury. As fish grow, the lesions enlarge and may eventually cause death (38). 
Saprolegnia sp. caused problems in recirculating systems in Canada when square or rectangular 
tanks were used to culture rainbow trout or Atlantic salmon (Salmo safar) (D. Rainnie, University 
of Prince Edward Island, pers. comm.). These tanks allow feed and feces to accumulate, which 
promotes fungal development. However, treatment options were limited due to experiments that 
were being conducted. Prior to initiation of treatment, severely afflicted fish were removed from 
the tanks, and food or feces removed with a fine mesh dip net. The treatment consisted of a bath 
in saltwater (artificial seawatersalt) at a concentration of 1 to 1.5% for 1 hr. Dissolved oxygen 
and temperature were monitored during treatment, and fish were monitored for any signs of 
distress. After treatment, water flow to the tank was increased to flush the saltwater. If the problem 
recurred in a specific tank, fish were removed and treated again in a separate tank. The infected 
tank was drained, scrubbed, and disinfected with 200 mg/L sodium hypochlorite solution. After 
thorough rinsing with fresh water, the tank was refilled and the fish returned. It is necessary to 
improve the sanitary conditions in which fish are cultured to prevent Saprolegnia sp. from 
becoming a problem. 
INFECTIOUS DISEASES-VIRAL 
There are few references on viral diseases of rainbow trout in recirculating systems (Table 3). 
Infectious Pancreatic Necrosis 
Infectious Pancreatic Necrosis (IPN) virus and other Bimaviruses are distributed worldwide. 
In salmonids, acute infection occurs in 1 to 4 month-old fish and can result in mortalities 
approaching 100%. Fish 26 months old undergo subclinical or inapparent infection, but few die. 
Disease outbreaks in older fish involve virus carriers and are usually stress activated (39). Since 
there is no effective treatment, IPN is most effectively controlled by preventing contact between 
the host and the virus. Fish introduced into a facility should be assayed and determined to be 
specific pathogen-free, and eggs should originate from virus-free broodstock because IPN virus 
appears to be transmitted with eggs in spite of iodophor treatment (40,41). The incidence of 
acute IPN and consequent mortality can be reduced if factors that cause stress are controlled: 
reducing population density, following optimal feeding protocols, maintaining proper hatchery 
hygiene, and utilizing prophylactic treatments for bacterial diseases and parasites have been 
effective in moderating outbreaks of IPN (39). 
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Munro and Fijan (3) reported that IPN was considered to be a continuous presence and an 
intermittent problem in young rainbow trout in European culture systems using heated effluents 
and/or some form of recirculation. Survivors of epizootics tended to be poor growers. 
Viral hemorrhagic septicemia 
Viral hemorrhagic septicemia (VHS) is enzootic in most countries of continental eastern and 
western Europe, and in the United States the virus can be isolated in the Puget Sound area of 
Washington and in the Gulf of Alaska. In Europe, epizootics occur primarily in rainbow trout, 
brown trout (Salmo trutta), and in northern pike (Esox lucks) (39). In rainbow trout, VHS 
passes through three stages (42): an acute stage with high mortalities, a chronic stage where fish 
appear dark and anemic, and the third stage where erratic swimming and nervous behavior is 
characteristic and when mortality is low. Cooler water temperatures (4.4-7.7”C) favor VHS 
outbreaks in rainbow trout, and stress factors such as crowding, handling, transportation, or 
malnutrition also predispose fish to VHS (43). 
VHS is considered a hazard to each new year-class of rainbow trout stocked in European 
culture systems using heated effluents and/or some form or recirculation (3). 
Infectious hematopoietic necrosis 
Infectious hematopoietic necrosis (IHN) is endemic to the Pacific Coast of North America, 
and it is well established in Japan. The virus has been disseminated to other areas of the United 
States and the world via contaminated fish and fish eggs originating in the Pacific Northwest of 
North America (39). Epizootics of IHN can result in high mortality in 3-week to 6-month-old 
fish (44,45). Mortalities can occur in 7 to 14 month-old fish, but clinical signs seen in younger 
fish are generally absent (47). As there is no known treatment for the disease the most effective 
means for controlling IHN is by preventing contact between the virus and the host. Broodstock 
culling and disinfection of eggs with iodophor are partly effective, but epizootics can occur 
despite this management strategy (39). Stocks of eggs should originate from virus-free broodstock 
(to prevent vertical transmission), and stocks of young-of-the-year-fish should be assayed and 
determined to be BIN-free. Ideally, the water supply should be controlled and II-IN-free (39). 
Water can also be effectively disinfected using ozone or ultraviolet irradiation (46,48). 
The IHN virus is endemic at Dworshak NFH, and epizootics have occurred in steelhead trout 
during the operation of the recirculating systems, but outbreaks are more frequent earlier in the 
culture program when fish are younger and the systems are operated with single-pass surface 
water. The recirculating systems may be returned to single-pass when IHN infections occur to 
reduce horizontal transmission of the virus and severity of infection (K. Peters, Dworshak NFH, 
pers. comm.). 
NON-INFECTIOUS DISEASES 
Temperature and certain chemical constituents in water can create non-infectious problems or 
be toxic. Non-toxic levels of contaminants can stress fish, which can lead to disease outbreaks or 
reduced growth (49). Recirculating aquaculture systems, in particular, can have poor water quality 
due to improper temperature control or performance of any of the treatment units (Table 1). The 
most important environmental variables within recirculating systems that can cause problems 
are low levels of oxygen or high levels of un-ionized ammonia, nitrite, carbon dioxide, suspended 
solids, gas supersaturations, or ozone (Tables 1 and 2). The water’s pH also plays a role, because 
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acid-base chemistry controls the proportion of the total ammonia nitrogen and inorganic carbon 
that exist as un-ionized ammonia and carbon dioxide, respectively. Therefore, water quality 
needs to be monitored closely in a recirculating system so that problems with the water treat- 
ment units can be detected early and corrected. 
Temperature 
The optimum temperature for growth of rainbow trout is 15°C (50). Maintaining the optimum 
water temperature is an important issue in recirculating systems. Water heats up from pumping 
and from heat transfer through the pipes and tank walls as it is retained and reused in a semi- 
closed environment. This temperature gain can be advantageous in instances when cold ground 
waters are brought up to 15°C; however, a temperature gain much beyond this can have serious 
fish health consequences, including decreased growth rates and increased incidence of stress and 
disease (5). 
At the Freshwater Institute, water within the recirculating rainbow trout-culture system is 
maintained at 13-16°C by exchanging the total system water volume twice a day with 12.5”C 
ground water; outside of water exchange, the system is not actively heated or chilled. The high 
water exchange rate has been used to keep water temperatures below 17°C during summer 
months. In contrast, recirculating systems for culture of warm-water fish exchange relatively 
little water to reduce the amount that must be heated. 
Ammonia and nitrites 
The most common non-infectious problem in recirculating systems may be high ammonia or 
nitrite levels, which are produced by biofilter malfunction. Nitrate is less likely to accumulate to 
toxic levels than either ammonia or nitrite within recirculating systems because it is much less 
toxic to fish; Braun (51) reported that rainbow trout tolerated nitrate levels up to 800 mg/L. 
The 96-h LC50 value of nitrite for rainbow trout is 0.20 to 0.40 mg/t_ (52). Nitrite toxicity is 
pH-dependent and is also dependent, in varying degrees, on the presence of chloride, sulfate, 
phosphate, and nitrate ions (53). Wedemeyer and Yasutake (54) reported that nitrite toxicity was 
reduced as pH increased. Russo and Thurston (52) reported that the presence of chloride sup- 
pressed nitrite toxicity in rainbow trout, and Bowser et al. (55) found chloride to have a protec- 
tive effect against nitrite toxicity in Atlantic salmon (Safmo salar). Sodium chloride is used to 
control nitrite toxicity in fish culture systems, as the chloride is taken up by the gills preferentially 
to the nitrite (56). According to Colt and Armstrong (57), water containing calcium or chloride 
ions can increase the tolerance of rainbow trout to nitrite by a factor of 20 to 30. Even so, the 
desirable level of nitrite for rainbow trout culture in a reuse system is ~0.1 mg/t_ (Hankins, 
Freshwater Institute, pers. comm.). 
Recirculating systems use biofilters to reduce dissolved wastes, particularly ammonia. Within 
the biofilter, heterotrophic micro-organisms and autotrophic bacteria biologically oxidize a 
portion of the ammonia nitrogen and the biodegradable organics. The bacterial conversion of 
ammonia to nitrate is a two-step process called nitrification. Two different groups of nitrifying 
bacteria, both believed to be obligate autotrophs and obligate aerobes are needed for complete 
nitrification (58). Nitrosomonas convert ammonia to nitrite and Nitrobacter converts nitrite into 
nitrate. To avoid accumulations of nitrite and ammonia, time must be provided to allow bacterial 
populations to become established within the biofilter when biofilters are started up or when the 
organic, ammonia, or nitrite load to the biofilter are signficantly increased (59). Accumulation of 
ammonia can occur in an initial lag period during biofilter start-up because the Nitrosomonas 
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Fig. 2. Temporal sequence and relative magnitude of the accumulation of ammonia, nitrite, and nitrate concentrations as 
a new biofilter acclimates to the substrate loading in a recirculating system [after Wheaton et al. (59)]. 
population has not become established; accumulation of nitrite can occur in a second lag period 
because the Mrrobucrer population has not become established (Fig. 2). 
At the Freshwater Institute, the biofilter microflora was developed naturally by stocking the 
tanks at a low density and by allowing the ammonia produced by the fish to increase the nitrifying 
bacteria population. Bacteria multiply more slowly at the lower water temperatures (60) found 
in the Freshwater Institute system (e.g., lY’C), so there may have been even longer lag periods 
when ammonia and then nitrites accumulated. The problem disappeared in about 8 weeks, once 
the biofilter reached a steady state. At the Freshwater Institute, when nitrite reached a level of 
0.3 mg/L, sodium chloride was added directly to the culture tanks at 10 times the nitrite concentra- 
tion to reduce toxicity. Abrupt increases in salinity may impair nitrification and biofilter recovery 
(60). 
Elevated nitrite levels also occurred on several occasions that may be attributed to biofilter 
defluidization, exposure of the biofilter to chemotherapeutants, or huge and rapid increases 
in fish/feed loading on the biofilter. In one particular example, during a biofilm stripper 
study, too much biofilm was sheared from the biofilter. Nitrite levels increased and the ensuing 
situation was similar to that which occurs when the microflora in a new biofilter is developed, 
with a lag in the Nitrubacter population. In this case, the levels of nitrite reached 0.8 mg/L, 
and clinical signs of methemoglobinemia were present in the fish. The fish were lethargic and 
had flared gills that were brownish in color. Some fish with clinical signs of furunculosis also 
were detected. Nitrite-induced mortality has been rare at the Freshwater Institute, but it 
appears that high nitrite levels act as a stressor that has precipitated outbreaks of infectious 
diseases. 
Another example of high nitrite levels occurred at Freshwater Institute during system 
ozonation. Ozone stoichiometrically oxidizes nitrite to nitrate (61); therefore, addition of ozone 
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to recirculating systems is beneficial because it reduces nitrite levels. The fact that ozone 
decreases the levels of nitrite is a substantial benefit on those occasions when bacterial conver- 
sion of nitrite to nitrate in the biofilter is lost. However, because ozone actually reduces the 
nitrite concentration going to the biofilter, it also reduces the quantity of bacteria converting 
nitrite to nitrate and thus reduces the total acclimated nitrite removal capacity of the biofilter. 
The drawback to ozonation occurs when addition of ozone is interrupted. Because ozone is 
responsible for removing a fairly large fraction of the total nitrite produced in the recirculating 
system, when ozone addition is interrupted, nitrite rapidly accumulates within these systems. 
Carbon dioxide 
Carbon dioxide is toxic to fish at levels of 20-40 mg/L because it significantly reduces the 
capacity of blood to transport oxygen (62), and it can produce nephrocalcinosis (64,66). Carbon 
dioxide can accumulate to toxic levels in a recirculating system with pure oxygen addition, due 
to low water gas exchange and high fish loading (14,67). The level of dissolved carbon dioxide 
is dependent on pH, alkalinity, and temperature (68). If the water has been aerated sufficiently to 
come to equilibrium with the atmospheric partial pressure of carbon dioxide, it will contain 
about 2 mg/L of dissolved carbon dioxide. In fact, aeration and air stripping are important 
mechanisms for removing accumulations of carbon dioxide in intensive recirculating systems 
(14,67). 
Fish excrete carbon dioxide through their gills. Carbon dioxide unloading is a function of both 
ventilation rate and concentration gradient (69). If levels of carbon dioxide in the water are 
elevated, less carbon dioxide can be transferred from the gills into the water. Rainbow trout 
control the rate water is pumped through their gills based upon the blood’s oxygen content (70). 
High carbon dioxide levels in the water result in a reduction of blood oxygen in the fish (62). 
Based upon an extensive literature review, Heinen et al. (18) estimated that the upper safe levels 
for chronic exposure to carbon dioxide in rainbow trout range from ~9-30 mg/L. The 20 mg/L 
recommended safe level may be conservative, especially if oxygen in the water is high (63). Due 
to buffering and acid-base chemistry, water with high alkalinity or pH or both may enable fish to 
tolerate higher concentrations of free carbon dioxide (65). This may account for the varying 
levels reported as safe in the literature (18). 
Water pH and alkalinity play an important role in determining the amount of carbon dioxide 
present (discussed below in the pH section). According to acid-base equilibrium, the amount of 
carbon dioxide increases as the pH decreases (Fig. 3). This also means that in highly alkaline 
water, toxic levels of carbon dioxide occur at higher pH levels than in low-alkalinity water. 
When carbon dioxide was first identified as a fish health problem in the recirculating system 
at the Freshwater Institute, there was insufficient contact between air and water to strip out the 
carbon dioxide produced by fish metabolism. In the first year of operation, the high fish loadings 
(3.0 KgL/min) and inadequate air-to-water contact produced accumulations of carbon dioxide 
that dropped the pH to about 7.0 (J. Hankins, Freshwater Institute, pers. comm.) and translated 
into a carbon dioxide concentration of about 50 mg/t_. When fish were exposed to these levels of 
carbon dioxide (50 mg/L), they appeared initially agitated, exhibited jumping behavior, and then 
became listless and sluggish, as in anoxia, before dying. Moribund fish had gaping mouths and 
flared operculums and their gills were a brilliant cherry red color. Beyond a certain point, 
moribund fish did not recover when placed in fresh water. Mortalities were nearly 100% (J. 
Hankins, Freshwater Institute, pers. comm.). In small-scale tests conducted at that time, rainbow 
trout mortality from carbon dioxide toxicity occurred at pH levels 56.8 and alkalinities of about 
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Fig. 3. Percent total inorganic carbon as carbon dioxide (CO,) and the percent total ammonia nitrogen as free ammonia 
(NH,) as a function of pH, assuming equilibrium at 15°C in freshwater. 
250 mg/L (as calcium carbonate) [Heinen et al. (IS)]; these conditions translate into carbon 
dioxide concentrations 2 79 mgL 
Heinen et al. (18) reported that modifications to the hybrid oxygen contactor/stripping column 
used at the time produced more air to water contact, which reduced carbon dioxide to about 
17-32 mg/L, at an alkalinity of 215-276 mg/L (as calcium carbonate) and increased pH to 7.2-7.4. 
The system was again modified in 1992 with the installation of a stripping tower, designed 
according to criteria reported by Summerfelt (14). Subsequently, carbon dioxide concentrations 
have averaged 16 mg/t_. 
PH 
Water pH plays an important role in aquaculture, because it controls the equilibrium of the 
ammonia and the carbonic acid systems (Fig. 3). Un-ionized ammonia (NH,) is the toxic form 
of ammonia; it associates with water to form hydroxide (OH-) and ammonium (NH,+). Dissolved 
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carbon dioxide is the toxic form of the inorganic carbon system, which includes carbonic acid 
(H&O,), bicarbonate (HCO,-), and carbonate (CO,*-). 
Comparing the range of pH values where carbon dioxide and ammonia coexist indicates that 
the smallest fractions of each coexists at a pH of 8.0 (Fig. 3), assuming the water is 15°C. The 
equilibrium carbon dioxide or ammonia concentration changes 10 fold for every 1 unit change 
in pH. 
Adding a source of alkalinity (e.g., lime, caustic soda, soda ash, or sodium bicarbonate) to the 
water in a recirculating aquaculture system can help to maintain a pH that will minimize the 
potentially toxic effects of carbon dioxide and ammonia (14). 
Ozone 
Roselund (71) reported gill epithelial damage and death of rainbow trout exposed to an 
estimated 0.010-0.060 mg/L of ozone. Wedemeyer et al. (48) reported a lethal threshold level of 
about 8 I.tg/L, with death apparently resulting from massive destruction of the gill lamellar 
epithelium and severe hydromineral imbalance. The maximum safe level of chronic exposure 
for salmonids was provisionally set at 2 pg/L. Oakes et al. (72) found that most steelhead trout 
exposed to ozone concentrations 2 0.20 mg/t_ died within 4 hr, while those exposed to 0.008 mg/t. 
did not die during 50 hr of exposure. 
During research on ozonation at the Freshwater Institute, ozone was added to the water with 
the oxygen feed gas just before it entered the culture tanks at a rate of 0.025-0.039 kg ozone per 
kilogram of feed fed (73,74). Mortality caused by ozone residual in the tanks occurred on five 
occasions causing 3.9% and 5.0% mortalities in two lots of rainbow trout. Oxidation-reduction 
potential (ORP) probes and controllers were used to limit ozone toxicity; however, tank loca- 
tions away from the probes accumulated toxic concentrations. The first clinical signs of exposure 
to toxic concentrations of dissolved ozone were noticeable changes in fish behavior. Fish stopped 
feeding and congregated near the surface and sometimes “gasped” for air. Eventually, erratic 
swimming behavior occurred and became progressively worse. Attempts to jump out of the tank 
increased, and some fish showed darting behavior followed by listless swimming. Fish then lost 
equilibrium and became pale, with vertical patches of dark pigment on the sides of the body. 
Fish which reached this latter condition rarely survived. Gills of fish exposed to high levels of 
ozone showed excess mucus, hyperplasia, and aneurysms (73). 
Solids 
Suspended solids have been associated with environmentally-induced disease problems 
(5,75); in certain intensive systems, suspended solids have been cited as one of the major factors 
limiting production (76). Solids have been reported to cause sublethal effects such as fin rot (77) 
and direct gill damage (5,75) in rainbow trout. At the Freshwater Institute, Bullock et al. (23) 
reported that suspended solids within the recirculating system were thought to contribute to 
BGD outbreaks in rainbow trout. 
Solids are produced in recirculating systems as uneaten feed, feed fines, fish fecal matter, and 
sloughed biofilter cell mass. Rainbow trout feces are contained within a mucous sheath that can 
remain intact if they are removed soon after deposition (78). If they are not quickly removed, 
shear forces break the mucous sheath, which allows the fecal matter to disintegrate into much 
finer and more soluble particles (79). Due to the detrimental effects of solids on both fish health 
and the performance of the other components within the recirculating system, solids removal is 
one of the most critical process in managing recirculating aquaculture systems (76). 
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Gas supersaturation 
Gas supersaturation can occur when gas comes into contact with water at pressures greater 
than atmospheric, or when water is heated and the saturation concentration of gas decreases. 
Often not considered is gas supersaturation produced when air is aspirated into water flowing at 
a high velocity through leaky pipes, even under pressure. Gas supersaturation can also arise 
from passing air into deep water. It is the nitrogen and argon component of ambient air that are 
the most detrimental component of totai gas saturation. Nitrogen saturation levels greater than 
110% affect juvenile fish and levels greater than 125% affect adults (80). However, problems 
with high dissolved gas pressures are not generally encountered in a properly designed 
recirculating system. 
RECIRCULATING SYSTEM RESPONSE TO CHEMICAL TREATMENT 
The treatment of external parasites, fungi, and external bacterial infections of fishes requires 
that chemicals be added to the water. Chemical treatment of the water in a recirculating system 
presents special considerations; the main one is whether the biofilter will be treated and how 
chemicals used at therapeutic levels could affect its function. The concentrations at which dif- 
ferent chemicals could disrupt biofilter nitrifying bacteria should be considered in treatment 
decisions. If the chemical concentration could be harmful to the biofilter, the chemical could be 
used at a lower concentration for a more prolonged treatment period or the biofilter could be 
by-passed during treatment and the tanks flushed with fresh water prior to reestablishing flow to 
the biofilter. However, it is possible that an untreated biofilter could become a reservoir for the 
disease organism. 
Chemicals used to treat fish disease organisms are not always selective in the organisms they 
kill. nor are the normally used levels always safe for the fish in reuse systems (81). A chemical 
may inhibit the growth and action of the nitrifying bacteria and, due to water recirculation, 
remain in the water longer than may be tolerated by the fish. An alternative is to treat the system 
at the therapeutic dose for a shorter period (e.g., 40 min instead of 1 hr) with the assumption that 
the chemical will remain in the water at an effective dosage as it is recirculated, but will be 
eliminated before adverse reactions by the fish. Treatments that have been used to control diseases 
in recirculating systems are listed in Table 4. 
Several studies have been conducted on the effects of disease treatments in recirculating 
systems (Table 5). Burrows and Combs (82) reported that even low concentrations of formalin 
had a deleterious effect on the nitrifying bacteria in a system raising salmon. It was later found 
that formalin had interfered with the measurement of ammonia and yielded falsely high values 
(83). They also tested malachite green at 1 .O mg/L and found no effect on the nitrifying bacteria. 
Terramycin added to the feed did not adversely affect nitrification. Combs (84) reported that 
nitrification was not inhibited by 1.0 mg/t_ Hyamine-3500 or 0.067 mg/L RoccaP. Scott and 
Gillespie (85) found that nitrification was impaired in a recirculating system treated with 3% 
sodium chloride. This dosage would normally be used as a dip and not prolonged exposure as 
used in this study. 
Anderson (29) fed a therapeutic dose of oxytetracycline to healthy rainbow trout in a reuse 
system and found no decrease in biological activity of the trickling filter during or after treat- 
ment. A formalin treatment at 1:4000 in this system caused a temporary increase in the flushing 
of solids from the filter without affecting the filter’s capacity to remove ammonia and nitrite. 
Collins et al. (83) tested the effects of therapeutants on nitrification at 26°C in recirculating 
systems containing channel catfish and submerged biofilters of quartz gravel and crushed oyster 
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Table 4. Treatments that have been used to control fish diseases in recirculating systems 
Chemical or drug Treatment Disease Reference 
Artificial seawater salt 
Benzalkonium chloride 
Chloramine-T 
Copper sulfate 
Copper sulfate 
Copper sulfate 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Methylene blue 
Remet”.’ 
l-l.% for 1 hr 
2 ppm for 1 hr 
9-12 ppm for 1 hr 
0.15 ppm for 24 hr 
every third day, 
3 times 
0.75 ppm for 24 hr 
followed by 0.5 ppm 
continuously for 30 days 
0.25 ppm for 24 hr twice, 
at 3 day intervals, followed 
by a third one at 0.50 ppm, 
then followed with 
0.30-0.38 ppm 
continuously for 30 days 
I:4000 for 1 hr 
167 ppm for 1 hr 
150-200 ppm for 45-60 min 
25 ppm for 24 hr at 2 day 
intervals, followed by 
200 ppm for 1 hr 
167 ppm for I hr 
35 ppm for 24 hr 
153 ppm for 40 mitt 
every other day, 3 times 
167 ppm every other day, 
three times 
1 ppm 
50 mg/day per kg fish 
Saprolegnia f 
Bacterial gill disease b; g 
Bacterial gill disease Bullock et al. (23); b 
Ichthyopthirius a 
lchthyopthirius a 
Ichtyobodo a 
Fin tot Anderson (29) 
Gyrodactyhts g 
Gyrodactylus 
Chilodonella and lchtyobodoc a 
Trichodina, Epistylis, g. c 
and Trichophrya 
Ichthyopthirius 
Ichthyopthirius : 
Amoebic gill infestation g 
Bacterial gill disease b 
Furunculosis g 
n J. Hinshaw, North Carolina State University, pets. comm. 
bR. Goede, Utah Dept. of Wildlife Resources, pen. comm. 
‘K. Peters, Dworshak National Fish Hatchery, pets. comm. 
d L. Marchant, Lahotan National Fish Hatchery, pets. comm. 
‘D. Rainnie, University of Prince Edward Island, pets. comm. 
s A. Noble, unpublished data. 
shell. Three indefinite treatments of 25 ppm formalin, on alternate days had no negative effect 
on nitrification. Malachite green (0.10 mgk on alternate days), formalin and malachite green 
(25 mgk + 0.10 mg/L on alternate days), copper sulfate (1.0 mg/L on alternate days), potassium 
permanganate at 4.0 mgk, and sodium chloride at 5000 mg/t_ had no effect on nitrification. The 
doses tested were normal therapeutic regimens. Methylene blue at 5 mg/r_ seriously impaired 
nitrification. Parasiticide concentrations were not monitored over the 22 days during which 
nitrification was observed. This means that effective levels encountered by the nitrifying bacteria 
could not be correlated with inhibition. With copper sulfate, nonspecific binding and adsorption 
may have taken place which would decrease the amount of copper available for biofilter interac- 
tion. 
Broussard and Simco (86), treated channel catfish (Ickzlurus puncrurus)for a Cleidodiscus 
infestation with trichlorfon (Dyloxm) at 1 ppm in a recirculating system with minimal harm to 
the biofilter. 
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Table 5. Treatment effects on biofilter function 
Drug or chemical Treatment Impaired biofilter 
function 
Reference 
Benxalkonium chloride 
Chloramine-T 
Chloramphenicol 
Chlorotetracycline 
Copper sulfate 
Copper sulfate 
Copper sulfate 
Copper sulfate 
Erythromycin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin 
Formalin and 
malachite green 
Furanace 
Hyamine-3500 
Hyamine-3500 
Hyamine-3500 
Hydrogen peroxide 
Malachite green 
Malachite green 
Malachite green 
Malachite green 
Methykne blue 
Methykne blue 
Methylene blue 
Nifupirinol 
Oxytetracycline 
Potassium pennanganate 
Potassium permanganate 
Roccal”.’ 
RometTM 
2 ivm 
12 wm 
50 ppm 
10 ppm 
I .O ppm 
5 ppm 
0.75 ppm for 24 hr 
followed by 0.5 ppm 
for 30 days 
0.25 ppm for 24 hr twice 
at 3 day intervals, 
followed by a thii one 
at 0.50 ppm. then 
followed with 
0.30-0.38 ppm 
continuously for 30 days 
50 ppm 
low concentration 
I:4000 
25 ppm in 3 indefinite 
treatments on alternate 
days 
15 ppm 
149 ppm indefinite 
50-167 ppm for 1 hr 
with several treatments 
15-120 ppm indefinite 
with several treatments 
14000 for I hr 
35 ppm for 24 hr 
153 ppm for 40 min. 
3 times 
25 ppm formalin with 
0.10 ppm malachite 
green on alternate days 
0.1 ppm 
1.0 ppm 
2 ppm 
1 ppm 
100 ppm 
LO ppm 
0.10 ppm on 
alternate days 
0.5 ppm 
3.0 ppm 
5 ppm 
1.0 ppm 
1 wm 
1 mm 
50 ppm 
4.0 ppm 
1 ppm 
0.067 ppm 
50 mg/day per kg 
fish for 5 days 
yes 
no 
no 
yes 
no 
no 
no 
no 
no 
yes 
no 
no 
low 
yes 
no 
no 
no 
yes 
no 
no 
low 
no 
yes 
yes 
yes 
no 
no 
low 
no 
yes 
yes 
no 
no 
no 
no 
yes 
no 
no 
b 
b 
Collins et al. (87) 
Levine and Meade (88) 
Collins et al. (83) 
Levine and Meade (88) 
a 
a 
Collins et al. (87) 
Burrows and Combs (82) 
Anderson (29) 
Collins et al. (83) 
Levine and Meade (88) 
Wienbeck and Koops (89) 
Heinen et al. (90) 
Heinen et al. (90) 
Anderson (29) 
z 
Collins et al. (83) 
Levine and Meade (88) 
Combs (84) 
Fyock (81) 
Fyock (81) 
h 
Burrows and Combs (82) 
Collins et al. (83) 
Lavine and Meade (88) 
Fyock (81) 
Collins et al. (83) 
pine and Meade (88) 
Collins et al. (87) 
Collins et al. (87) 
Collins et al. (83) 
Levine and Meade (88) 
Combs (84) 
g 
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Table 5 (Conrinued) 
Drug or chemical Treatment Impaired biofilter 
function 
Reference 
Sodium chloride 
Sodium chloride 
Sodium chloride 
Sodium chloride 
Sulfadiazine 
Sulfamerazine 
Sulfanilamide 
Terramycin 
Terramycin 
Trichlorfon 
3% 
0.5% 
0.5% 
1.5% 
25 ppm 
50 ppm 
25 ppm 
fed to fish 
fed 2.5 g/day per 100 lb 
fish for 10 days 
1 mm 
yes 
no 
no 
yes 
yes 
II0 
yes 
no 
no 
minimal harm 
Scott and Gillespie (85) 
Collins et al. (83) 
Levine and Meade (88) 
Levine and Meade (88) 
Levine and Meade (88) 
Collins et al. (87) 
Levine and Meade (88) 
Burrows and Combs (82) 
Anderson (29) 
Broussard and Simco (86) 
‘J. Hinshaw, North Carolina State University, pers. comm. 
b R. Gocde, Utah Dept. of Wildlife Resources, pet-s. comm. 
c K. Peters, Dworshak National Fish Hatchery, pets. comm. 
dL. Marchant, Lahotan National Fish Hatchery, pers. comm. 
hG. Bullock, Freshwater Institute. pers. comm. 
*A. Noble, unpublished data. 
Collins et al. (87) tested the effects of antibacterial agents on nitrification in recirculating 
systems. Erythromycin (50mg/~) had a negative effect on nitrification. Treatment with 
chloramphenicol (50 mg/tJ, oxytetracycline (50 mg/L), sulfamerazine (50 mg/L), or nifupirinol 
(1 mg/L) had no negative effect on nitrification. These chemicals were added directly to the 
water once and concentrations were based on dosages used in medicated feed, concentrations 
used in water, and concentrations achieved by commercial antibacterial products. The authors 
did not determine whether antibacterials not affecting nitrification at concentrations given one 
time would produce similar results when given up to 10 consecutive days as in a regular treat- 
ment protocol. 
Levine and Meade (88) tested therapeutants in Erlenmeyer flasks with pure cultures of 
nitrifiers. Therapeutic levels of copper sulfate at 5 ppm and sodium chloride at 5.0 g/~ had no 
effect on nitrification. At 15.0 g/~, sodium chloride inhibited nitrification by 53%. Formalin, 
malachite green, and furanace showed low levels of inhibition (lO-27%). Potassium 
permanganate at 1 ppm inhibited 86% of nitrification. Chlorotetracycline added to the water at 
10 ppm caused 76% inhibition. Below this level, chlorotetracycline was not inhibitory, so that if 
fish are treated with 50 mg/kg body weight/day in the feed no inhibition of biofilter function 
should occur. Methylene blue (1 .O ppm), sulfadiazine (25 ppm), sulfanilamide (25 ppm) impaired 
nitrification. 
Fyock (81) tested Hyamine-3500 (benzalkonium chloride) and malachite green at therapeutic 
levels on a flow-through basis in a recirculating system with a trickling filter, to determine the 
effect on nitrifying bacteria and rainbow trout. Hyamine-3500 at 2 mg/t_ caused increases in pH, 
ammonia, and nitrites, but the fish showed no mortalities or signs of stress. Hyamine-3500 at 
1 .O mg/t_ caused a slight increase in nitrite for 2 days before levels returned to co.20 mg/L. 
Malachite green at 3.0 mg/L had no adverse effects on nitrification, but caused 100% fish mortality 
within 24 hr of treatment. Malachite green is a fungicide, and not a bactericide, so it may not 
affect the nitrifying bacteria. 
Wienbeck and Koops (89) reported biofilter nitrification inhibition for about 24 hr after an 
indefinite treatment with 149 ppm formalin. 
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Heinen et al. (90) tested the tolerance to formalin of a fluidized-sand biofilter in a rainbow 
trout recirculating system. The biofilter tolerated successive treatments for 1 hr from 50 to 
167 ppm, and indefinite treatments from 15 to 120 ppm. However, a final indefinite treatment of 
70 mg/L was followed by high nitrite levels. High nitrite levels were detected after repeated 
treatments of the biofilter and were in excess of usual therapeutic use. In the same recirculating 
system, hydrogen peroxide at 100 mg/t_ completely stopped biofilter performance (Bullock, 
Freshwater Institute, pers. comm.). 
The key to successful treatment of certain persistent parasites in a recirculating system may 
be application of a constant drip treatment of a lower concentration of chemical for a longer 
period of time. This method did not affect biofilter function and presumably allows the chemical 
to eventually reach all parts of the system that may be harboring the parasites (Hinshaw, North 
Carolina State University, pers. comm.). 
These studies suggest that it is important to test the chemotherapeutant to be used in a specific 
recirculating system, as results may vary among systems. Many of the tests performed used 
small experimental units, the fish loadings varied, some systems did not use fish, sometimes 
chemicals were used at dosages that were above therapeutic levels or were used for periods of 
time that were different from the normal treatment procedures. Also, the chemical may not have 
been monitored long enough to determine its persistence in the recirculating system, or the 
chemical may have been partially inactivated prior to reaching the biofilter. 
PREVENTION AND CONTROL 
The same accepted principles for disease prevention and control apply to rainbow trout raised 
in recirculating systems as to those reared in flow-through systems. Most of these management 
practices become more critical in a recirculating system because fish are held at much higher 
densities; the system has added components, such as the biofilter which may harbor disease 
organisms; and carrier fish can reside in the system even after recovery from an epizootic which 
is critical if continous production strategies are used. 
The main preventative measure is to keep known pathogens from entering the system, by 
avoiding introduction of infected fish. This can be accomplished by purchasing eggs from disease- 
free broodstock. If this is not possible, fingerlings should be bought from a disease-free certified 
source, quarantined upon arrival, and checked for parasites and bacteria before they are stocked. 
The water should be spring or well water, because these sources are usually pathogen-free, or if 
surface water is used, it should be disinfected before entering the system. 
If a disease enters a recirculating system and an outbreak occurs, the organism can spread 
rapidly throughout the population due to the high loading density and to the recirculation of 
water. Avoidance of cross contamination between tanks could contain an outbreak to the affected 
tanks as long as the water treatment units are independent. Equipment entering the facility and 
equipment used in production should be regularly disinfected. Each tank should have its own 
nets and other equipment. 
The key to success once an outbreak occurs is prompt diagnosis and treatment. Routine 
observation of mortalities and abnormal swimming or feeding behavior is useful in early detec- 
tion of a disease problem. It is important, at the same time, to reduce or to eliminate any stressor 
which may have contributed to the disease outbreak. For example, water quality may act as a 
stressor, if the ammonia, nitrites, and /or suspended solids are high. 
If a disease is resistant to treatment, it may be necessary to eliminate the infected population 
and disinfect the tanks. When a continuous production method is used, where fish of different 
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cohorts are in the same tank, a disease organism may establish itself in the population and then 
infect newly introduced fingerlings. 
In Europe, experience with small, intensive systems suggests that they can be run with minimal 
health problems. However, it appears that commercial systems have periods of good perform- 
ance followed by periods of indifferent performance and often disease in the populations. Only 
sometimes can a cause of poor performance or disease be found (3). Due to the artificial nature 
of recirculating system environments, any number of opportunistic microorganisms, if given a 
favorable environment, could reproduce, establish themselves in the system and possibly become 
pathogenic (37). Diseases could become a limiting factor in commercial systems, due to the 
possibility that a disease organism may become established in the population or in the biofilter 
and spread to uninfected fish in the system. Economic losses sustained because of diseases are 
those due to mortalities, deformities, and lesions; poor growth rates; and poor food conversion 
of the survivors of a disease outbreak (3). 
Each recirculating culture facility should design a protocol for prevention of and control of 
fish diseases with the aid of a fish health professional, based on the generally accepted principles 
of fish health management. 
CONCLUDING REMARKS 
The culture of rainbow trout is governed by many factors, including the availability of water, 
the temperature of the water, the energy required to utilize the water, and the product price that 
can be obtained. Most rainbow trout grown in North America are produced intensively in single- 
or multiple-pass raceways situated in the Snake River valley of Idaho, where there is an 
abundance of large natural springs emitting water suited to rainbow trout culture.(91). Recent 
regulations on disease and quarantine, use of drugs, and effluent discharge have made it clear 
that the economics of traditional rainbow trout culture will change (91) and that other culture 
technologies may be required. Systems that clean and reuse water multiple times (i.e., 
recirculating systems) are one option for producing rainbow trout in regions that are highly 
regulated, where water is scarce, or where niche markets provide a better price for local or fresh 
fish. For these reasons, and because recirculating system technologies are becoming more effec- 
tive, reliable, and economical, use of recirculating systems for rainbow trout culture will expand. 
An important component of the future success of recirculating systems will be the implementa- 
tion of fish health management programs that aim at preventing diseases from being introduced. 
The availability of better disease prevention and control methods, such as vaccines and a wider 
variety of approved drugs, will contribute to successful fish culture in commercial recirculating 
systems. 
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